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BiFeO3 (BFO) shows both ferroelectricity and magnetic ordering at room temperature but its
ferromagnetic component, which is due to spin canting, is negligible. Substitution of transition-
metal atoms such as Co for Fe is known to enhance the ferromagnetic component in BFO. In
order to reveal the origin of such magnetization enhancement, we performed soft x-ray absorption
spectroscopy (XAS) and soft x-ray magnetic circular dichroism (XMCD) studies of BiFe1−xCoxO3
(x = 0 to 0.30) (BFCO) thin films grown on LaAlO3(001) substrates. The XAS results indicated
that the Fe and Co ions are in the Fe3+ and Co3+ states. The XMCD results showed that the Fe
ions show ferromagnetism while the Co ions are antiferromagnetic at room temperature. The XAS
and XMCD measurements also revealed that part of the Fe3+ ions are tetrahedrally co-ordinated
by oxygen ions but that the XMCD signals of the octahedrally coordinated Fe3+ ions increase with
Co content. The results suggest that an impurity phase such as the ferrimagnetic γ-Fe2O3 which
exists at low Co concentration decreases with increasing Co concentration and that the ferromagnetic
component of the Fe3+ ion in the octrahedral crystal fields increases with Co concentration, probably
reflecting the increased canting of the Fe3+ ions.
I. INTRODUCTION
Multiferroics, which simultaneously show
spontaneous electric and magnetic ordering in a
single phase [1–4], have attracted tremendous in-
terest in recent years because of their potential
applications in the field of spintronics such as in-
formation storage and sensors, and also because of
their underlying fascinating fundamental physics
[1]. There are not many multiferroic materials in
nature at room temperature (RT), however, be-
cause of the rarity of the co-existence of the con-
ventional cation off-center distortion mechanism
of ferroelectrics and the formation of magnetic
moments at the cation sites [2]. BiFeO3 (BFO)
is such a rare case. However, the magnetic order
in the cycloidal antiferromagnetic structure with
a only tiny ferromagnetic component, due to spin
canting, leads only to a weak magnetoelectric cou-
pling [5–8].
In the case of thin films, it has been shown
that heteroepitaxially strained BFO films are fer-
romagnetic at RT and show remarkably larger
magnetoelectric effect [9]. Bai et al. [10] reported
multiferroic behavior of strained BFO thin films
with both large ferromagnetic and ferroelectric
polarizations at RT. This suggests the potential of
∗Presently: Department of Physics and Astronomy, Uni-
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BFO thin films for device applications that exploit
the large magnetoelectric coupling. Recently, en-
hancement of the magnetization was reported for
BiFe1−xCoxO3 (BFCO) thin films [11, 12]. Some
of the present authors have systematically studied
the structural transition on bulk BFCO samples as
well as the ferroelectric and piezo electric proper-
ties of thin films fabricated by a chemical solution
deposition (CSD) method [13–15].
In order to investigate the mechanism of the
magnetization enhancement by Co doping, X-ray
absorption spectroscopy (XAS) and magnetic cir-
cular dichroism (XMCD) are powerful tools be-
cause they are element specific probes of the elec-
tronic and magnetic properties applicable to com-
plex materials. Several studies have utilized these
techniques to examine the electronic and mag-
netic states of Fe in BFO and its heterostructures
[16–19]. However, measurements of BFO films by
Singh et al. [20] and Bea et al. [21] showed that
the observed magnetic moment might be due to
the formation of impurity phases such as the fer-
rimagnetic γ-Fe2O3.
The structure and properties of bulk sin-
gle crystals of BFO have been extensively stud-
ied [13, 16–19, 22]. The crystal have a rhombo-
hedrally distorted perovskite structure (a = b =
c = 5.63 A˚, α = β = γ = 59.4◦) at RT. The
distorted perovskite-type BFO is both ferroelec-
tric (TC ∼1103 K) and antiferromagnetic (TN ∼
643 K) at RT, and exhibits weak ferromagnetism
because of the canted spin structure [23]. The
magnetic structure is nearly G-type, i.e., the Fe
2magnetic moments are coupled ferromagnetically
within the pseudocubic (111) plane and antifer-
romagnetically between adjacent planes with an
additional incommensurate spin modulation pro-
hibiting the linear magnetoelectric effect from be-
ing observed [24]. It has also been predicted
that spontaneous magnetization can be induced
in BFO by mixed valence or chemical substitution
either changing the Fe-O-Fe bond angle or a statis-
tical distortion of the FeO6 octahedra[1, 4, 10, 23–
27].
BiCoO3 (BCO) also exhibits high transition
temperatures above RT with respect to both mag-
netism and ferroelectricity. BCO exists as a high
pressure phase and can be synthesized under a
high pressure of 6 GPa [28]. It has a tetrago-
nal structure with a large c/a ratio of 1.29. The
spontaneous polarization is calculated to be 150
µC/cm−2 but no transition to paraelectric phase
is observed below the decomposition temperature,
and the Neel temperature is 473 K [28].
In the present paper, we have performed XAS
and XMCD studies of the composition dependence
of the electronic and magnetic properties of BFCO
thin films grown on single-crystal LaAlO3 (LAO)
(001) substrates using the CSD method. Based
on the experimental results, we shall discuss the
origin of ferromagnetism in the BFCO thin films.
II. EXPERIMENTAL
BFCO thin films were grown on LAO (001)
substrates using the CSD technique. The sub-
strates were spin-coated (at 4000 rpm for 30
s) using a solution containing Bi, Co, and Fe
organometallic compounds (Koujundo Chemical
Laboratory Co., Ltd.) in a xylene carrier in the
desired ratio at a concentration of 0.2 mol/kg.
The samples were then heated in air at 250◦C for 5
min. Repeating this coating-heating sequence 13
times yielded BFCO films that were about 260 nm
thick. After the films were annealed for 60 min in
a 5% ozone-oxygen mixture in a tube furnace at
420◦C, the BFCO/LAO(001) samples were sub-
ject to again annealing at 435◦C for 30 min to im-
prove their crystallinity. The stoichiometry was
confirmed by HRTEM−EDX and was almost con-
stant within the deviation of ±1.0% [13].
Structural characterization was carried out us-
ing x-ray diffraction (XRD), which demonstrated
a clear single phase [13, 14]. The XRD mea-
surements confirmed that, as the Co content in-
creases, BFCO turns from rhombohedral (R) to
tetragonal-like monoclinic crystal structures (T)
and both phases (R and T) coexist for Co content
between x = 0.10 and 0.20.
The XAS and XMCD measurements were
performed at the JAEA undulator beam line BL-
23SU of SPring-8. The measurements were per-
formed at RT in an applied magnetic field up to
± 3T. The propagation vector of light with circu-
lar polarization was parallel to the magnetic field
and incident perpendicular to the sample surface.
The spectra were collected in the total electron
yield (TEY) mode, which has a probing depth
of ∼5 nm. The monochromator resolution was
E/∆E>10000, and the degree of circular polar-
ization of the x-rays was 95% ± 4%. The base
pressure of the spectrometer chamber was about
10−9 Torr.
III. RESULTS AND DISCUSSION
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FIG. 1: (Color online) Fe 2p XAS spectra of BiFeO3
thin film compared with those of α-Fe2O3 [29], FeO
[29], and Fe3O4 [30].
Figure 1 shows the Fe 2p XAS spectra of a
BFO compared with those of α-Fe2O3 (Fe
3+) thin
film[29],FeO (Fe2+) [29], and Fe3O4 (Fe
3+:Fe2+ =
2:1) [30]. The 2p3/2 (L3) edge of the XAS spec-
trum of BFO show a two-peak structure similar
to α-Fe2O3, indicating that the Fe atoms in BFO
are in the trivalent state [18, 31]. The present ex-
perimental results (including the XMCD results
described below) do not indicate the presence
of Fe2+ ions, contrary to the previous XAS and
XMCD studies of BFO thin films [17].
Figures 2(a) shows the Fe 2p XAS spectra of
the BFCO thin film samples recorded using cir-
cularly polarized x-rays. Their difference spectra,
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FIG. 2: (Color online) Fe 2p XAS and XMCD spec-
tra of BiFe1−xCoxO3 thin films. (a) XAS spectra of
BiFe1−xCoxO3 (x = 0 to 0.30) thin films in magnetic
fields of ± 3T at 300 K. (b) XMCD spectra of the
BiFe1−xCoxO3 (x = 0 to 0.30) thin film in magnetic
fields of ± 3T at 300 K. (c) Comparison of the experi-
mental XMCD spectra of BFCO with those of GaFeO3
[33], γ-Fe2O3 [34], Fe3O4[30], and FeO [30]. (d) Com-
position dependence of the heights of peak C due to
Fe3+ (Oh) and peak B due to Fe
3+ (Td)in the XMCD
spectra.
i.e., XMCD spectra, are plotted in Figs. 2(b).
Here, the XAS spectra obtained with applied mag-
netic fields of +3.0 and -3.0 T are denoted by σ+
and σ−, respectively. Sharp negative, positive and
negative peaks (denoted by A, B and C) occur
in the 2p3/2 edge of the XMCD spectra, respec-
tively, around hν = 708.5, 709.7, and 710.5 eV.
In Fig. 2(c), the XMCD spectrum of BFCO is
compared with those of other Fe compounds. The
figure shows that the Fe 2p XMCD spectrum of
BFCO films were different from those of Fe metal
[32], indicating that the magnetism of the present
samples did not arise from Fe metal segregation.
Also, the XMCD spectra of BFCO films are com-
pared with those of GaFeO3 (GFO), where the
Fe3+ ions are located at the distorted octahedral
(Oh) sites [33], γ-Fe2O3 nanoparticles, where the
Fe3+ ions are located both at the Oh and tetrahe-
dral (Td) sites with the ratio 5:3 [34], and Fe3O4,
where Fe3+ ions are located both at the Td and Oh
sites (with the ratio 1:1) and Fe2+ ions are also lo-
cated at the Oh sites [30]. The XMCD spectrum
of Fe3O4 and that of GFO with Fe
3+ ions at the
Oh sites are clearly different from the spectra of
BFCO thin films. On the other hand, the spectral
line shape of γ-Fe2O3, where the XMCD signals
arise from the antiferromagnetically coupled Fe3+
(Oh) and Fe
3+(Td), is similar to that of the BFCO
thin films for samples with small x (< 0.15).
However, Fig. 2(b) shows that the XMCD
spectra change their line shapes with Co content.
The negative peaks due to Fe3+ at the Oh site in-
creases more rapidly than the positive peak due
to Fe3+ at the Td site. In order to see how the
XMCD line shape changes with composition, we
have plotted the height of the negative peak C
[due to Fe3+(Oh)] and the positive peak B [due to
Fe3+(Td)] in Fig. 2(d). The plot indicates that,
for low Co content (x ≤ 0.15), the height of the
Td peak is as large as that of the Oh peak, while it
decreases above x = 0.20. We have therefore de-
composed the measured Fe 2p XAS and XMCD
spectra into the spectrum of the γ-Fe2O3 -like
impurity phase and that of the Fe3+ ion in the
Oh crystal field of the BFCO lattice, as plotted
in Fig.3(c). (Details of the decomposition proce-
dure is described in Appendix.). The plot indi-
cates that the γ-Fe2O3-like phase is dominant for
x < 0.15 but starts to decrease for x > 0.15 and
the Fe3+ ion at the octahedral site becomes dom-
inant for x > 0.20 probably because the canting
angle of the Fe3+ spins is increased with x. Our
TEM studies of the BFCO films have suggested
that for x > 0.15 the tetragonal-like monoclinic
phase exists only near the substrate and that the
surface region of these films are dominated by the
randomly oriented rhombohedral phase [13]. The
rhombohedral phase is responsible for the ferro-
magnetism through probably the increase of the
canting angle of the Fe3+ spins with x. However,
the tetragonal-like monoclinic phase does not con-
tribute to the magnetization [5, 6]. Therefore,
we conclude that the increased ferromagnetism of
Fe3+ of BFCO is mainly because of the increased
canting angle of the Fe3+ spins within the rhom-
bohedral phase.
The total magnetic moment of Fe in the
BiFe1−xCoxO3 thin films at H=3 T obtained from
the XMCD sum rule is plotted as a function of x
in Fig. 3(a) and the magnetization at H=1T mea-
sured using a SQUID magnetometer in Fig. 3(b).
Because the magnetization is strongly magnetic
field dependent [Fig.4(b)] and the very different
magnetic fields were used for the XMCD (H=3
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FIG. 3: (Color online) (a) Magnetization of
BiFe1−xCoxO3 (x = 0 to 0.30) thin films as a func-
tion of Co content in BiFeO3 obtained using a SQUID.
(b) Magnetization of Fe and Co in BiFe1−xCoxO3 (x
= 0 to 0.30) thin films as a function of Co content
obtained from XMCD. (c) Decomposition of the Fe
magnetic moment using the Fe 2p XAS and XMCD
data into the γ-Fe2O3-like impurity and the Fe ions in
the BFCO lattice (See Appendix).
T) and SQUID (H=1 T) measurements, the mag-
nitude of the the magnetic moment is larger for
XMCD than for SQUID. The XMCD data and
the magnetization show nearly the same trend.
Figure 4(a) shows the Fe 2p XMCD spectrum
of BiFe0.80Co0.20O3 measured at various applied
magnetic fields. Figure 4(b) indicates that the
XMCD peak intensity remains high down to an
applied field of 0.1 T indicating that ferromag-
netism exists in this sample. The XMCD line
shape is independent of the magnetic field. The
slope of the the XMCD intensity vsH curve in-
dicates the paramagnetic part of the Fe magnetic
moment.
Figure 5(a) shows the Co 2p XAS spectra of
BFCO. The corresponding XMCD data are shown
in Fig. 5(b). Each spectrum consists of the L3
(2p3/2) edge at ∼ 781 eV and the L2 (2p1/2) edge
at ∼ 795 eV. From comparison with the Co XAS
spectra of other Co compounds shown in Fig. 5(c),
it is clearly seen that the Co 2p XAS spectrum of
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(b) Magnetic moment of Fe obtained from the XMCD
intensity as a function of magnetic field.
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FIG. 5: (Color online) Co 2p XAS and XMCD
spectra of the BiFe1−xCoxO3 (x = 0 to 0.30) thin
films (a) XAS spectra in magnetic field ± 3T at
300 K. (b) XMCD spectra. (c) XAS spectra of the
BiFe1−xCoxO3 thin films compared with the XMCD
spectra of LaCoO3 [36], LiCoO2, CoO and Co metal
[35]. (d) Magnetic moment of Co in BiFe0.8Co0.2O3
obtained from the XMCD intensities using sum rules
as a function of magnetic field.
5BFCO thin films is similar to that of LaCoO3 at
high temperatures (∼ 650 K)high-spin Co3+ and
that of LiCoO2 (high-spin Co
3+) but is different
from that of CoO (high-spin Co2+) [35]. Thus we
conclude that the Co ions in the BFCO films are
mainly in the trivalent high-spin states [36]. The
spectral line shape of Co 2p XAS did not change
with x, indicating that the valence and spin states
of the Co ions do not change with Co content.
Similarly, as shown in Fig. 5(b), the XMCD peak
intensity was also nearly independent of Co con-
tent. Figure 5(d) shows the magnetic moment of
Co in BiFe0.8Co0.2O3 obtained from the XMCD
intensity as a function of magnetic field. The
figure indicates that the Co magnetic moment is
smaller and approaches zero as the magnetic field
goes to zero. We consider that the Co3+ ions are
in the antiferromagnetic state, and attribute this
weak XMCD signal to spin canting induced by the
applied magnetic field. The magnetic moment of
the Fe and Co ions at H = 3 T estimated as a
function of Co content using the XMCD spin sum
rule [37] are shown in Fig. 3(b).
It has been revealed that the M −H curves
of the BFCO films were clearly saturated at H =
1T (not shown here). The magnetization for x
= 0.15 and 0.20 is enhanced and a finite coercive
field (Hc) was observed however, the magnetiza-
tion for x > 0.20 decreases because of decreased
γ-Fe2O3. For BFO, a strong coupling between the
ferroelectric 71◦ and 109◦ domains and the anti-
ferromagnetic domains has been reported, and the
anitiferromagnetic domains can be reversed by fer-
roelectric switching at RT [38, 39]. In analogy
with the BFO result, the BFCO films may po-
tentially exhibit the magnetoelectric (ME) effect
with a change in the macroscopic magnetization
because only rhombohedral domains exist for Co
concentration below x =0.20.
IV. CONCLUSION
We have performed XAS and the XMCD mea-
surements of BFCO thin films, which exhibit fer-
romagnetism at 300 K. From analysis of the line
shapes and intensity of Fe 2p XMCD, we conclude
that the ferromagnetism originates from both the
γ-Fe2O3 impurity and the Fe
3+ ions in the BFCO
lattice, and that the latter contribution becomes
dominant for high Co content x > 0.2, i.e., in
the tetragonal-like monoclinic crystal structure.
The Co ions are in the trivalent high-spin states
and are most likely antiferromagnetic with weak
magnetic moment due to spin canting induced by
the applied magnetic field. The present results
suggest that the Co substitution enhance the fer-
romagnetic behavior of Fe through the increased
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FIG. A.1: (Color online) Decomposition of the
Fe 2p XAS (a) and XMCD (b) spectra of the
BiFe0.85Co.15O3 film (A) into γ-Fe2O3-like component
(B), and the Fe3+ in the BCFO lattice. The bottom
spectrum (C) has been obtained by subtracting an ap-
propriate amount of the γ-Fe2O3 spectrum from the
BiFe0.85Co.15O3 spectrum (C = A −0.85 × B) so that
the result most resembles the Fe 2p XAS and XMCD
spectra of GaFeO3 (Ref.[33]).
canting angle of the Fe3+ spins in the rhombohe-
dral phase with increasing x.
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Appendix A
In the Fe 2p XAS and XMCD spectra, signals
from Fe3+ (Td) and those from Fe
3+(Oh) show dif-
ferent composition dependencies as shown in Fig.
2(d). We interpret this to the overlapping signals
of the γ-Fe2O3-like impurity phase and Fe
3+ (Oh)
in the BFO lattice. In order to demonstrate this,
we have decomposed the measured spectra into
the spectra of γ-Fe2O3 and Fe
3+ (Oh) of BFCO
by subtracting the Fe 2p XAS and XMCD spectra
of γ-Fe2O3 as shown in Fig. A1. The subtraction
was made so that the deduced spectrum becomes
similar to the Fe 2p XAS and XMCD of GaFeO3
[33]. Figure A2 shows the XMCD spectra from
x = 0 to 0.30 and their decomposition into the
spectra of Fe3+ in the BFO lattice and those of
γ-Fe2O3- like phase.
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FIG. A.2: (Color online) Decomposition of Fe 2p
XMCD spectra of BiFe1−xCoxO3 thin films (a) into
the γ-Fe2O3 -like component (b) and the Fe
3+ com-
ponent in the BFCO lattice.
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